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Charged-pion correlations caused by chiral relaxation dynamics in high-energy nuclear collisions

Jo”rgen Randrup
Nuclear Science Division, Lawrence Berkeley National Laboratory, 1 Cyclotron Road, Berkeley, California 94720

~Received 2 January 2002; published 29 April 2002!

For cylindrical systems endowed with a longitudinal Bjorken scaling expansion, the semiclassical linear
sigma model is employed to calculate the self-consistent dynamical evolution from the initially hot configu-
ration towards the asymptotic state of freely moving pions. The correlation function for charge-conjugate soft
pions with similar rapidities and transverse energies exhibits pronounced azimuthal anticorrelations that may
be used to probe the nonequilibrium chiral relaxation dynamics.
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I. INTRODUCTION

It was recently suggested that the nonequilibrium rel
ation dynamics of the chiral order parameter in a high-ene
nuclear collision may give rise to the production of appro
mately back-to-back charge-conjugate pairs of soft pions@1#.
The basic production mechanism behind this effect is
rapid but quasiregular change of the produced medium
manifested in the time dependence of the effective p
mass. This time dependence produces charge-conjugate
pairs that, insofar as the environment varies relatively ge
in space, carry only rather little total momentum.

If this signal indeed appears at an experimentally disce
ible level, the effect might provide a novel means for probi
chiral symmetry far away from the familiar region near t
ordinary vacuum. The purpose of the present paper is
examine the effect on the basis of more refined numer
calculations. The presentation first puts the issue into
context of the current high-energy heavy-ion efforts and
plains the general features of the effect. Subsequently,
semiclassical linears model is employed for rodlike system
endowed with a longitudinal Bjorken expansion. Final
the prospects for the practical observation of the effect
discussed.

Nuclear collision experiments at high energy offer t
prospect of exploring the phase diagram for strongly
teracting matter. The violent collision of the two nucl
produces a spatially extended region within which the en
gy density exceeds that required for~effective! quark de-
confinement and ~approximate! chiral-symmetry restor-
ation. One may then expect that the magnitude of the ch
order parameter inside the agitated region is significantly
duced relative to its vacuum value off p'92 MeV. There-
fore, such collisions may provide a means for probing
chiral features far away from the ordinary vacuum a
thus help advance our understanding of this important s
metry.

The produced highly agitated region is expanding rapid
at first primarily in the longitudinal direction, due to the larg
momentum of the colliding nuclei, but then gradually in t
transverse directions as well. It has been speculated that
a rapid expansion of the collision zone, after the approxim
restoration of chiral symmetry has occurred, may prod
long-wavelength isospin-polarized agitations of the pio
0556-2813/2002/65~5!/054906~8!/$20.00 65 0549
-
y

-

e
as
n
ion
ly

-

to
al
e
-

he

re

-

r-

al
-

e

-

,

ch
te
e
c

field, commonly referred to as disoriented chiral conde
sates, as reviewed in Refs.@2–4#.

In the idealized case when all observed pions arise fro
single fully polarized source, the neutral pion fractionf ~the
number of neutral pions divided by the total pion numb!
would have an anomalous form,P( f )51/2Af . This prospect
stimulated experimental efforts to search for a broadening
P( f ) but they yielded a null result@5,6#. Subsequently, less
idealized model calculations have suggested that any s
effect is carried primarily by relatively soft pions and ma
only be visible if the analysis is limited to those@7#. How-
ever, such an undertaking is hampered by the difficulty
reconstructing the individual speeds of the neutral pio
from the observed photons. Consequently, the neutral p
fraction appears to be a less suitable observable.

Fortunately, the nonequilibrium chiral dynamics may al
manifest itself in observables based exclusively on char
pions, which can be observed individually with good kin
matical resolution. Thus, relatively recent numerical simu
tions with the semiclassical linears model have identified a
number of candidate observables@8#. Most basically, the soft
pions arising from the relaxation dynamics of the chiral ord
parameter may lead to a marked enhancement in the tr
verse spectral profile belowp''200 MeV/c. Moreover, the
associated multiplicity is expected to exhibit anomalous fl
tuations. While a spectral enhancement by itself would
less specific, due to the presence of other sources of
pions, the anomalous multiplicity correlation appears m
promising since the effect was shown to be absent in
commonly used UrQMD@9# and HIJING@10# event genera-
tors that involve conventional physics only@11#.

Even more experimentally attractive is the recently su
gested back-to-back correlation between oppositely char
soft pions@1# and we report here on more detailed studies
this candidate signal, carried out within the calculation
framework employed in Ref.@8#.

Before moving on to the task at hand, it may be instru
tive to briefly make contact with other current attempts
use charged-pion fluctuations as probes in high-ene
nuclear collisions. In particular, Jeon and Koch@12# recently
considered the possibility of using the event-by-event fl
tuation of the ratio of positive and negative pions as a me
for distinguishing between the confined and the deconfi
phases, the idea being that the smaller constituent charg
©2002 The American Physical Society06-1
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JO”RGEN RANDRUP PHYSICAL REVIEW C 65 054906
the quark-gluon plasma will reduce the relative charge fl
tuations. A similar study was made by Asakawaet al. @13#
who also considered fluctuations in the baryon number. T
type of observable is based on the imbalance of the num
of positive and negative pions~or baryons and antibaryons!
within a given volume~in practice characterized by a certa
rapidity interval!, while the specific spectral distributions an
angular correlations are unessential for the purpose. In a
ceptually different approach, Basset al. @14# consider the
balance functions, that give the conditional probability tha
hadronh having the rapidityy1 is accompanied by a corre
sponding antiparticleh̄ with a different rapidityy2. This type
of correlation information may be used to clock the hadro
zation, since the charge-conjugate hadron pairs produce
the hadronization emerge as ever more tightly correlate
rapidity the later they are formed. Again, the specific spec
distributions and angular correlations are not utilized.

II. CALCULATIONAL DETAILS

Considerable insight into the chiral relaxation dynam
can be gained from the linears model. In order to make
actual numerical simulations possible, we shall treat
model at the classical level so that the dynamical variabl
O(4) chiral field strengthf5~s,p!, which consists of the
isoscalars~r! field and the isovector pion fieldp~r!.

For uniform systems in thermal equilibrium, a Hartre
type factorization reduction leads to a separation of the fi
into an O(4) order parameter and approximately indepe
dent quasiparticle modes characterized by a commonO(4)
effective-mass tensor. By populating these modes accor
to quantum statistics, one obtains the semiclassical lineas
model @15#. Nonuniform initial geometries can be con
structed subsequently by suitable manipulation of such b
thermal fields@7,8#.

Once initialized, the chiral field evolves according to t
equation of motion,

@h1l~f +f2v2!#f5Hes , ~1!

where+ is the scalar product in theO(4) chiral space and the
unit vectores points in thes direction. In order to emulate
the effect of the rapid longitudinal expansion of the sou
produced in a high-energy nuclear collision, we consider s
tems endowed with a scaling expansion of the Bjorken ty
The continual stretching in the beam direction can be
sorbed by replacing the standard Cartesian coordin
(x,y,z,t) by the comoving variables (x,y,h,t),

z5t sinhh, t5t coshh, ~2!

thus making the numerical treatment tractable. The local
erence frame then moves with the rapidityh and t is the
associated proper time. We note thatdzdt5tdhdt and that
the d’Alembert operator is modified,

] t
22]z

25
1

t
]tt]t2

1

t2 ]h
25]t

21
1

t
]t2

1

t2]h
2 . ~3!
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Thus the longitudinal stretching introduces a damping te
that causes the local field amplitude to exhibit an ove
decrease in time~see below!.

A. Initialization

Since the numerical treatment is identical to what w
already described in Ref.@8#, we need only recall the main
features here. The chiral field is represented on a rectang
lattice in position space. In order to construct the initial fie
configuration, the field strength at each lattice site,f(x,y,z),
and the associated time derivativesc(x,y,z), are sampled
from a thermal ensemble characterized by a specified in
source temperatureT0, using the method developed in Re
@15#. This field configuration would constitute an appropria
initial condition for a uniform and nonexpanding system.
can be adapted to Bjorken-type scenarios by simply rep
ing the longitudinal coordinatez by variableh ~and the ini-
tial time t0 by t0). @It may be noted that the statistical en
semble of initial states is isotropic with respect to isosp
~implying that the expected quasiparticle mode occupan
are independent of the pionic chargen! and, importantly, it
contains no correlations between those modes, apart from
Bose-Einstein autocorrelations dictated by quantum sta
tics. Therefore, any final correlation between positive a
negative pions has been dynamically generated.#

Subsequently, a rodlike configuration is generated by s
able ~and spatially smooth! modulation of the field compo-
nents outside a circular disk in the transverse plane, as
scribed in Ref.@8#. With r denoting the transverse positio
(x,y), the resulting field configuration,@f(r,h),c(r,h)#,
then describes a ‘‘Bjorken rod’’ at the initial proper timet0.
Being endowed with a Bjorken expansion in the longitudin
direction, the system has a circular cross section and the
strength appears locally as if sampled from a thermal
semble having a temperatureT(r) that falls off fromT0 in
the interior towards zero in accordance with a specified
fuse ~folded-Yukawa! profile function. The associated tran
verse radius is denoted byR0. In the limit of large rod radii,
R0→`, the system approaches that of ‘‘Bjorken matter,’’
spatially uniform system endowed with the longitudin
Bjorken expansion.

It is important to appreciate that the term ‘‘uniform’’ re
fers to themacroscopicappearance of the system and is n
meant to suggest that the field strength is independen
position; locally the field varies rapidly but in a manner th
is statistically similar everywhere. In a similar manner, t
Bjorken rod is uniform along the longitudinal direction, re
flecting the intended macroscopic boost invariance. Th
ensemble invariances are preserved in the course of the
namical evolution.

B. Asymptotic analysis

Once the field has been initialized, its temporal evoluti
may be determined by solving the field equation with
simple leapfrog method. For the present purposes we nee
be concerned only with the behavior of the pion field at lar
times,p~r,h,t→`!.
6-2
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CHARGED-PION CORRELATIONS CAUSED BY CHIRAL . . . PHYSICAL REVIEW C 65 054906
While the numerical treatment is most conveniently c
ried out in terms of the Cartesian components of the p
field ~which are real!, p ( j ), j 51,2,3, the observed pion
have a definite charge,n52,0,1, and so they are repre
sented by the spherical componentspn,

p65
1

A2
@p (1)6 ip (2)#, p05p (3). ~4!

Due to the cylindrical geometry of the rod system, it
useful to represent the pion field as follows:

p~r,h!5
1

L (
k

pk~h!eik•r, ~5!

whereL is the side length of the numerical lattice in thex
andy directions andk is the transverse wave vector.

At large times t@t0, the equation of motion for the
mixed transform simplifies,

F]t
21

1

t
]t1mk

2Gpk
n~h!5OS t0

2

t2D , ~6!

where the transverse mass is given bymk
25mp

2 1k2. The
field transformspk

n(h) are thus of Bessel form and subsid
as 1/At. This attenuation is a result of the continual Bjork
stretching that endows the pion frequency with an imagin
part,vk'mk2 i /2t, so we have

pk
n~h!;expF2 i E t

dt8vk~t8!G; 1

At
e2 imkt. ~7!

In this limit, we may extract the following key quantity:

xk
n~h!5AtFAmk

2
pk

n~h!1
i

A2mk

ṗk
n~h!G , ~8!

which expresses the amplitude for the final state to con
pions of chargen having the transverse momentumk and
being longitudinally located ath ~hence moving with the
rapidity y5h!. Then the number of pions with the specifiedn
andk emitted within a specified rapidity interval (y1 ,y2) is
readily expressed,

Nk
n~y1 ,y2!5E

y1

y2
dh uxk

n~h!u2. ~9!

The appearance of the proper timet in the expression~8! for
the pion amplitude is a reflection of the longitudinal expa
sion and it compensates for the steady decrease of the
plitude, thus ensuring that the extracted results are inse
tive to t and hence numerically robust.

C. Event sampling

In order to emulate the experimental event sampling,
prepare a sample ofN different initial field configurations,
constructed as explained above, and then analyze
asymptotic results of the ensuingN dynamical histories. The
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statistical fluctuations from one initial field to the next lea
to corresponding event-by-event fluctuations in the extrac
amplitudesxk

n(h) and hence in the valuesNk
n(y1 ,y2). The

expected multiplicity density for pions of chargen and trans-
verse momentumk emitted within the given rapidity interva
is then obtained by averaging over the event sample,

K dNk
n

dy L 5
1

N (
n51

N
1

Dy
Nk

n;n~y1 ,y2!, ~10!

with each ‘‘event’’ being labeled by the indexn and with
Dy5y22y1 denoting the width of the rapidity interval.

It takes three kinematical variables to characterize the
nal state of a pion~rapidity y, transverse massmk , and azi-
muthal anglew!. Then the two-pion correlation function wil
depend on six kinematical variables and hence it is diffic
to display and analyze. We, therefore, prefer to reduce
information by suitable binning.

For our present purposes, it is instructive to bin the tra
verse momentumk according to transverse massmk and
azimuthal anglew. In order to simplify the presentation, w
shall consider only a few relatively wide energy bands~la-
beled bym) andNw equal-size angular sectors~labeled byi!,
as illustrated in Fig. 1.

Furthermore, we considerNl rapidity ‘‘lumps’’ of equal
size Dy ~labeled byl!. Due to the boost invariance of th
ensemble, these lumps are calculationally equivalent, wh
effectively increases the sample size by a factor ofNl . A
given eventn then emitsNlmi

n;n charge-n pions into the kine-
matical domain identified by the labels (l ,m,i) and the cor-
responding sample-averaged multiplicity is

^Nlmi
n &5

1

N (
n51

N
Nlmi

n;n5Nm . ~11!

Here the last expression exploits the symmetries with res
to n, l, andi, which imply that the ensemble average depen
only on the transverse massmk ,

FIG. 1. Illustration of the sampling bins employed for the tran
verse pion momentak, for the standard case ofNw512 azimuthal
sectors of 30°~see the text for details!.
6-3
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Nm5
1

3 (
n521

1
1

Nl
(
l 51

Nl 1

Nw
(
i51

Nw

^Nlmi
n &. ~12!

In order to keep the two-particle information to a manag
able level, we examine only those pion pairs for which bo
partners emerge within the same rapidity lumpl and in the
same energy bandm. For each such bin in rapidity and tran
verse mass, the two-particle correlation depends on the
azimuthal anglesw andw8 ~and on the chargesn andn8!,

s lm;ii8
nn8 5^Nlmi

n Nlmi8
n8 &2^Nlmi

n &^Nlmi8
n8 &

5
1

N (
n51

N
Nlmi

n;nNlmi8
n8;n

2S 1

N (
n51

N
Nlmi

n;nD S 1

N (
n51

N
Nlmi8

n8;nD .

~13!

Since all the rapidity lumpsl are equivalent, we may subse

quently average over those,sm;ii8
nn8 5( ls lm;ii8

nn8 /Nl . Further-
more, the rotational symmetry in the transverse plane imp
that this quantity depends only on the angular differen

Dw5w2w8, yielding sm
nn8(Dw) ~in fact, it depends only on

the absolute differenceuDwu!.
The quantitysm

nn8(Dw) expresses the correlation betwe
the concurrent appearance of a charge-n pion in the binlmi
and a charge-n8 pion in the binlmi8, after averaging overl
and binning according toDw. To further simplify the analy-
sis, we concentrate on the situations where the two cha
are either equal~Eq! or opposite~Op! and we divide by the
average uncorrelated background to bring forth the rela
strength of the signal,

Cm
Eq~Dw!5 1

2 Nm
22@sm

11~Dw!1sm
22~Dw!#, ~14!

Cm
Op~Dw!5 1

2 Nm
22@sm

12~Dw!1sm
21~Dw!#. ~15!

We denote these as thereducedcorrelation functions.

III. RESULTS AND DISCUSSION

After the above brief description of the most relevant c
culational details, we turn now to the extracted results for
pion correlation function.

The primary purpose of the present investigation is
achieve an impression of the magnitude of the expected
relation signal under more realistic circumstances than th
considered originally in Ref.@1#, where the effect was illus
trated by means of a quantum-field treatment in a o
dimensional effective-mass scenario, with the mass being
ther constant in space or having a folded-Yukawa profile.
consider here a Bjorken rod, which presents a scenario th
more realistic in several regards:~1! the system is fully three
dimensional,~2! it is in a state of rapid longitudinal expan
sion, and~3! it has a finite transverse extension. Moreov
we initialize and propagate the field by means of the se
classical linears model, so the self-interaction of the field
retained rather than approximated in terms of an effec
mass.
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A. Bjorken rods

To provide a specific focus for the discussion, we consi
first a Bjorken rod with an initial transverse radius
R056 fm and an initial central temperature ofT0
5300 MeV. The resulting reduced azimuthal correlati
function for oppositely charged pions is shown in Fig. 2 f
the first several energy bands.

Several features are noteworthy. It is evident that the s
est pions indeed exhibit a significant correlation that is c
centrated in the back-to-back direction. Furthermore,
only does the signal itself grow larger as the energy is
duced, but the azimuthal width increases as well. Such
evolution is expected on general grounds, since the so
pions are affected the most by the presence of the surf
For transverse momenta around 100 MeV/c, the peak around
Dw5180° has a full width at half maximum of'90°, corre-
sponding to a dispersion of'40° in the azimuthal correlation
function. While this width is sufficiently large to render th
calculated result insensitive to the number of azimut
sectors employed, and thus numerically robust, it is at
same time sufficiently small to faciliate its extraction fro
the data. For the higher energy bands the antialignm
is more perfect, with the correlation function being prac
cally concentrated in the single angular bin corresponding
Dw5180°. These features are consistent with our gen
expectation that the harder pions are less deflected by
surface.

The results depend both on the radius of the initial r
configuration and on its central temperature, but the res
of the various scenarios have the same qualitative app
ance. We may, therefore, illustrate these dependences by
sidering just the peak values atDw5180°.

The dependence on the geometry is illustrated in Fig
that shows the back-to-back correlation as a function
transverse momentumpT for both the sample of Bjorken
rods leading to Fig. 2 and for a corresponding sample

FIG. 2. The reduced azimuthal correlation functionCm
Op(Dw)

given in Eq. ~15! for oppositely charged pions resulting from
Bjorken rod withR056 fm andT05300 MeV, for the first several
transverse-momentum bands of width 100 MeV/c. The azimuthal
sector width is 30°~as illustrated in Fig. 1!, and the symbols are
placed at the corresponding section centers.
6-4
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CHARGED-PION CORRELATIONS CAUSED BY CHIRAL . . . PHYSICAL REVIEW C 65 054906
‘‘Bjorken box’’ configurations.~A Bjorken box is similar to a
Bjorken rod with regard to the longitudinal expansion bu
is uniform also in the transverse plane, with periodic bou
ary conditions.! The dependence on transverse momentum
the back-to-back correlation coefficient for the box config
ration is seen to be qualitatively similar to the result for t
rod and the display brings out the concentration of the ef
towards the soft end of the spectrum.

The box geometry has no surface through which partic
can be emitted and free pions may appear only at late ti
as a result of the dilution induced by the Bjorken stretchi
Furthermore, there are no surface gradients present to e
the correlation between the produced pairs. However, des
the macroscopic uniformity of the system, the Hamiltoni
doesnot decouple, due to the interaction term. Consequen
the produced~quasi!pions may still be rescattered in the m
dium and so they will generally not remain degenerate
oppositely moving. The numerical results suggest that
effect is relatively insignificant and the back-to-back cor
lation of the produced pairs thus remains largely intact.
fact, the rescattering is relatively unimportant compared
the smearing caused by the rather crude binning employe
the present illustrative analysis. This suggests that the si
may be enhanced by employing more carefully designed
nematical cuts.

To elucidate the temperature dependence of the corr
tion signal, we consider first Table I that shows how vario
characteristic quantities depend onT0. Generally, the chiral
order parameters0 becomes steadily smaller as the tempe
ture is raised~though perfect chiral symmetry is neve
achieved since the finite quark mass introduces a bias in
s direction and causes the minimum of the free energy
always lie on the positive part of thes axis in theO(4)
space of the order parameter!. In concert with this evolution,
the effective pion mass increases steadily. The correspon

FIG. 3. The value of the reduced azimuthal pion correlat
function atDw5180° for a sample of Bjorken rods~solid circles!
with an initial bulk temperature ofT05300 MeV and an initial
radius of R056 fm and for a corresponding sample of Bjorke
boxes with the sameT0 and a transverse side length ofL520 fm.
There are 12 azimuthal sectors of 30° and the points are locate
the center of each momentum band~of width 100 MeV/c).
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energy density of the medium increases rapidly with te
perature, while the densityr0 of the medium-modified pions
~the quasiparticles! increases at a more moderate rate, sin
their mass is increasing as well. As a consequence, the
responding quasiparticle gas, in fact, becomes somew
more dilute through this temperature range, as reflecte
the decrease of the occupation coefficientf 0 for the lowest
quasiparticle mode~havingk50). The final rapidity density
of free pions,dN/dy, is determined by the dynamical histor
It increases steadily withT0 and is, of course, roughly pro
portional to the initial cross section of the system,pR0

2, but
it generally remains significantly below the observed valu
as will be addressed later.

Figure 4 shows how the back-to-back correlation coe
cient depends on the initial temperatureT0. Obviously, the
effect disappears as the initial temperature is decreased, s

at

TABLE I. Characteristic quantities for a range of central ro
temperaturesT0 ~MeV!: the equilibrium value of the chiral orde
parameter s0 ~MeV!, the associated effective pion mas
m0 (MeV/c2), the energy densitye0 (MeV/fm3), the density of
quasipionsr0 (fm23), the occupancyf 0 of the lowest quasiparticle
mode (k50), and the approximate final rapidity density of fre
pions for a rod withR056 fm.

T0 s0 m0 e0 r0 f 0 dN/dy

200 61.6 236 191 0.26 0.42 26
220 42.2 245 305 0.35 0.49 41
240 27.0 272 433 0.45 0.47 56
270 17.0 326 652 0.60 0.43 80
300 12.6 380 920 0.78 0.39 106
350 8.2 466 1485 1.12 0.36 150
400 6.2 544 2191 1.52 0.34 200

FIG. 4. The back-to-back~Dw5180°! value of the reduced azi
muthal pion correlation function for the first transverse-moment
band aroundpT5100 MeV/c is shown as a function of the initia
central temperatureT05300 MeV in a sample of Bjorken rods
with R056 fm. The error bars reflect the statistical fluctuatio
in the value extracted for the different~but equivalent! rapidity
lumps.
6-5
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JO”RGEN RANDRUP PHYSICAL REVIEW C 65 054906
the initial order parameter then approaches the vacuum v
f p and, consequently, the ensuing relaxation becomes
gentler. After its initial steady rise below the chiral transitio
temperatureTx'230 MeV @15,16# the peak strength level
off at nearly 10% and remains rather insensitive toT0 from
thereon.

B. Observability

Although the calculated signal magnitude of 8–10
sounds observationally attractive, as it would be easily id
tifiable, it should not be taken at face value. In particular, i
important to recognize that the linears model includes only
a limited number of degrees of freedom and, accordingly
significantly underestimates the total pion yield~see Table I!.
It is, therefore, to be expected that a more complete calc
tion, not yet available, would degrade the signal consid
ably. This is partly because of the additional uncorrela
background~approximately by a factor of the square of th
ratio between the presently calculated yield of soft pions
the observed one, easily an order of magnitude or more! and
partly because of possible direct collisions between the
nal pions and those of the environment, as briefly discus
below.

Furthermore, when extracting the reduced correlat
function ~15!, it may advisable to divide by the actual yie
of the specified kind of pion in the particular angular sect
rather than by the average, since the detection efficiency
depend on both angle and charge. Thus, the reduced cor
tion function ~15! may be extracted as follows:

Cm;ii8
Op

5
1

2 F ^Ni
1Ni8

2&

^Ni
1&^Ni8

2&
1

^Ni
2Ni8

1&

^Ni
2&^Ni8

1&
G21, ~16!

whereNi
n denotes the number of charge-n pions in the an-

gular sectori with a transverse energy within the bandm.
The result can then be subsequently binned according to
azimuthal difference between the sectors,Dw.

When trying to assess the practical visibility of the sign
one needs to take account of the sizable background co
bution from pion sources not taken into account in the lin
s model. Insofar as those additional sources are devoid
specific back-to-back charge-conjugate pairs of soft pio
their effect may be approximately accounted for by ren
malizing the calculated relative correlation by the product
the corresponding multiplicity ratios, yielding

C̃m
Op~Dw!5

Nm
1~LsM!

Nm
1~obs!

Nm
2~LsM!

Nm
2~obs!

Cm
Op~Dw!, ~17!

whereNm
n (LsM) 5Nm is the calculated rapidity density o

charge-n pions in the energy bandm @see Eq.~11!#, while
Nm

n (obs) is the corresponding observed quantity~approxi-
mately equal to what would result from a more comple
model, such as UrQMD@9# or HIJING @10#!. Such compari-
sons indicate that here the underprediction in the soft reg
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of interest may well amount to a factor of three, or mo
thus easily reducing the expected correlation signal by
order of magnitude.

Potentially more problematic is the possible degradat
of the primary signal while the produced pions propag
within the interaction zone~since those pions are soft the
might easily be deflected by encounters with other hadr
present!. A rough feeling for the importance of such coll
sions may be obtained by noting that if the survival chan
of a given signal pion isP0 ~the probability that a produced
signal pion avoids significant deflection on its way out! then
the correlation signal~17! is degraded by the correspondin
square,P0

2, so that a 50% survival chance would degrade
signal by a factor of 4. Fortunately, the very mechanism
which the signal pions are produced, the oscillatory rel
ation of the chiral order parameter, guarantees that they
pear only relatively late. Simple estimates, as well as m
elaborate numerical studies@17#, show that it takes several t
many fm/c for the amplification mechanism to complete~say
5 fm/c). At this time, most of the material in the collisio
zone has already dispersed, so the pions of interest wil
born in a relatively dilute environment and, being soft, th
will be too slow to catch up with already emitted particles.
would obviously be interesting to carry out a quantitati
study of this delicate issue whenever a more complete mo
becomes available.

One might also be concerned about the possible pres
of other agencies that may lead to a similar signal and t
obscure the signal of interest, but a closer analysis sugg
that there may not be any serious contenders. It is part
larly important to discuss the dominant decay of the re
tively abundantr~770!, r→p1p2. Although the two pions
are back-to-back correlated, they emerge from ar meson at
rest with momenta of about 360 MeV/c, which is somewhat
above the upper limit of the expected effect (pmax
'200 MeV/c). ~While the decay of ar meson in motion
may well contribute a single pion to the yield below th
limit, the contribution to the coincidence yield is insignifi
cant even when the finalr width and the in-medium therma
distortion are taken into account.!

An analogous situation concerns the decay of the neu
kaon, KS

0→p1p2. Although less abundant than ther me-
son, theK0(498) leads to pion pairs with a smaller invaria
mass but, fortunately, the corresponding pion moment
still exceeds 200 MeV/c, thus being just above the kinemat
cal region of interest.

It should also be noted that although bothh~550! and
v~780! may contributep1p2 pairs, these all arise in three
body decays, which renders them only rather weakly co
lated and thus they could not imitate the expected relativ
narrow correlation characteristic of the signal pions.

For completeness it may be worthwhile noting that t
effect should also manifest itself in electromagnetic obse
ables, as already pointed out in Ref.@1#. One mechanism is
the annihilation of charge-conjugate pion pairs,p1p2

→ l 1l 2 and p1p2→2g, which may lead to an enhance
ment of dileptons and photons in the appropriate kinemat
regimes. Another is the decay of the neutral pion,p0→2g.
Since the chiral antenna mechanism producesp0 pairs in
6-6
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full analogy with thep1p2 pairs, the resulting decay pho
tons should exhibit corresponding enhancements in b
their average spectrum and the associated event-by-e
multiplicity fluctuation.

The mechanism responsible for creating the char
conjugate pion pairs also manifests itself as an enhancem
of the pion autocorrelation, reflecting the growing clump
ness of the multiplicity distribution brought out in Ref.@8#.
In fact, according to the analysis presented in Ref.@1#, the
dynamically generated correlations contribute equally to
correlation between same-charge pions having similar
menta and the correlation between opposite-charge p
having opposite momenta. The resulting reduced autoco
lation function looks qualitatively similar to the charg
conjugate correlation function, apart from the shift inDw by
180°. However, the values are generally larger and, in p
ticular, the correlation persists for the higher energy ban
This latter feature is due to the fact that there is already
autocorrelation present in the initial Bose-Einstein quasip
ticle gas as a result of the quantum-statistical fluctuatio
For this reason, this observable is not exclusively genera
in the course of the dynamical evolution and hence it is l
suitable as a signal. Moreover, the classical field treatm
employed here is expected to be less reliable for calcula
the autocorrelation.

IV. CONCLUDING REMARKS

The present paper reports on more detailed studies o
recently proposed back-to-back signal in the correlation
tween soft charge-conjugate pions@1#. The basic effect is
expected on rather general grounds and, within the lineas
model, it can be approximately understood in terms of
evolving in-medium effective pion mass, which depen
both on the chiral order parameter and on the degree of
tation. The agitation is initially very large but it then subsid
quickly as the collision zone disperses. Because of the h
initial excitation, the chiral order parameter is expected to
reduced in magnitude, relative to its value in vacuum,f p ,
and its subsequent relaxation is expected to have a none
librium character reminiscent of a damped oscillator with
changing frequency. The resulting time dependence ma
turn lead to pion pair production, in analogy with the pr
duction of lepton pairs by a time-dependent electromagn
field. Since the resulting yield is sensitive to the details of
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evolution, the effect might be exploited as a probe of t
relaxation dynamics, if experimentally identifiable.

In order to elucidate the effect in scenarios resembl
those created in high-energy nuclear collisions, we have c
sidered cylindrical systems that are endowed with a long
dinal Bjorken scaling expansion, Bjorken rods. The sig
was found to be present at a small but significant level. I
concentrated in the soft end of the transverse spectrum
has an azimuthal dispersion of about 40°. The present ca
lations, based on the semiclassical linears model, lead to a
peak value of around 8% for the reduced back-to-back c
relation of charge-conjugate pion pairs.

However, the linears model includes only certain degree
of freedom and it significantly underestimates the total p
yield, so one would expect that a more complete treatm
yet unavailable, would yield a considerably weaker sign
the suppression being easily in excess of an order of ma
tude. To this dilution comes the as yet poorly known deg
dation due to possible encounters between the emerging
nal pions and any remaining hadrons in the environment

Any analysis of the experimental data should, therefo
be carried out with corresponding care and may well pres
a challenge. Such an undertaking would nevertheless s
worthwhile because of the potential insight that could
gained. If the signal is indeed identified with sufficient si
nificance, then its dependence on the various collision
rameters could provide unique information on chiral symm
try far away from equilibrium. Conversely, should th
analysis suggest that the effect is indiscernible to a su
ciently high degree of accuracy, the adequacy of the lineas
model would be in doubt and suitable revision at this ba
model level would be called for. The present study thus s
ports the suggestion made in Ref.@1# that the data being
obtained at RHIC@18# be analyzed for indications of th
effect.
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